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CIRCUITS, SYSTEMS, AND METHODS FOR
MANAGING AUTOMATIC GAIN CONTROL
IN QUADRATURE SIGNAL PATHS OF A
RECEIVER

CROSS-REFERENCED APPLICATION

This application is a continuation of and claims priority to
U.S. application Ser. No. 14/027,540, filed Sep. 16,2013, and
titled “CIRCUITS, SYSTEMS, AND METHODS FOR
MANAGING AUTOMATIC GAIN CONTROL IN
QUADRATURE SIGNAL PATHS OF A RECEIVER)”
which is a continuation of U.S. patent application Ser. No.
13/361,247, filed Jan. 30, 2012, and titled “CIRCUITS, SYS-
TEMS, AND METHODS FOR MANAGING AUTOMATIC
GAIN CONTROL IN QUADRATURE SIGNAL PATHS OF
A RECEIVER,” which is a continuation of U.S. patent appli-
cation Ser. No. 12/349,787, filed Jan. 7, 2009, and titled
“CIRCUITS, SYSTEMS, AND METHODS FOR MANAG-
ING AUTOMATIC GAIN CONTROL IN QUADRATURE
SIGNAL PATHS OF A RECEIVER,” the disclosures of
which are hereby incorporated by reference in their entirety.

BACKGROUND

Radio-frequency (RF) transceivers are found in many one-
way and two-way communication devices, such as portable-
communication devices, (cellular telephones), personal-digi-
tal assistants (PDAs) and other communication devices. A RF
transceiver transmits and receives signals using whatever
communication methodology is dictated by the particular
communication system within which it is operating. For
example, communication methodologies typically include
amplitude modulation, frequency modulation, phase modu-
lation, or a combination of these. In a typical global-system
for mobile communications (GSM) mobile-communication
system using narrowband time-division multiple access
(TDMA), a Gaussian minimum shift keying (GMSK) modu-
lation scheme is used to communicate data.

The deployment of new wireless systems presents unique
challenges to mobile handset designers. In order to reap the
full benefit of expanded capacity and increased data band-
width, it is desirable for the next generation of handsets to
work using multiple communication systems.

WCDMA (Wideband Code Division Multiple Access) is a
radio access scheme used for third generation (3G) cellular
systems that are being deployed world wide. The 3G systems
support high-speed Internet access, video and high-quality
image transmission services. In WCDMA systems, the
CDMA air interface is combined with GSM based networks
including enhanced data rates for GSM evolution (EDGE)
networks. The EDGE standard is an extension of the GSM
standard.

Conventional WCDMA and GSM/EDGE receiver archi-
tectures use a pair of circuits driven by mixers to separate
components of the receive signal. Generally, sine and cosine
components of the received carrier signal are applied to mix-
ers to extract the separate components. This “mixing” of the
carrier signal produces what is referred to as in-phase or “I”
signal component and a quadrature phase or “Q” signal com-
ponent. These I and Q signal components are filtered, gain/
phase adjusted, and finally sent to a baseband digital signal
processor to extract the communicated data.

In cellular communications systems, a signal transmitted
from a base station is generally constant and at a level that
provides for a region of overlap with its nearest-neighbor base
stations in the cellular network. Consequently, a mobile trans-
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ceiver that is relatively close to a base station receives a
receive channel signal with a higher signal strength than a
mobile transceiver that is positioned further from the base
station. Accordingly, the receiver, for such a mobile trans-
ceiver, needs a large dynamic range to ensure that the mobile
transceiver can process the full range of power levels across
receive signals without creating distortion. This is typically
accomplished using some manner of receive signal gain
adjustment.

Prior art approaches to adjust gain include automatic gain
control (AGC) systems implemented in the baseband portion
of a transceiver. These prior art baseband approaches do not
account for the intermittent presence of an interfering signal
or blocker in the RF portion of the transceiver. For example,
in digital-video broadcasting-handheld systems (DVB-H), a
desired receive signal may be suddenly adversely affected or
“jammed” with a GSM transmitter blocker that compresses
the circuitry in the front end of the receiver. Furthermore,
these prior art systems must constantly monitor and correct
for changing signal conditions due to relative movement
between the mobile transceiver and the nearest base station
and relative movement of other objects in the path between
the mobile transceiver and the nearest base station. These
digital gain control systems often fail to provide accurate
power control in environments where signal strength is rap-
idly varying over a large dynamic range.

SUMMARY

Circuits, systems and methods for managing AGC in the
quadrature paths of a RF subsystem of a wireless-communi-
cation system are invented and disclosed.

An embodiment of method for managing AGC in the
quadrature signal paths of a RF subsystem of a wireless
communication system includes the steps of determining a
first signal strength at an input to a channel select filter and a
second signal strength at an output of the channel select filter,
comparing the first and second signal strengths to detect when
a blocker is present in the quadrature signal paths of the
receiver and when the blocker is present, forwarding a
blocker presence signal to an analog control branch of an
AGC circuit, generating an analog control signal in the analog
control branch of the AGC circuit in response to the blocker
presence signal, the analog control signal configured to adjust
at least one controllable gain element in an analog receiver
path to prevent saturation of an analog-to-digital converter in
a digital receiver path coupled to the analog receiver path in
response to presence of the blocker, determining a difference
between the second signal strength at the output of the chan-
nel select filter and a reference signal power and applying the
difference between the second signal strength and the refer-
ence signal power to the AGC circuit, the AGC circuit having
a loop filter coupled to the analog control branch and a digital
control branch, the digital control branch generating a digital
control word configured to adjust a scaler coupled to the
output of the channel select filter.

An embodiment of a system for AGC in a RF subsystem of
awireless communication system includes a power estimator,
a blocker identification element, a converter and an AGC
circuit. The power estimator receives a first input from a
digital receiver path and a second input from a channel select
filter. The power estimator generates a first estimate of the
signal power present at an output of the digital receiver path
and a second estimate of the signal power present at the output
of'the channel select filter. The blocker identification element
receives the first estimate and the second estimate from the
power estimator and generates a blocker presence signal
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when a function of the first estimate and the second estimate
exceeds a threshold value. The converter is coupled to an
output of the power estimator and generates a logarithmic
representation of the power in the digital receiver path. The
AGC circuit receives the blocker presence signal and a dif-
ference of a reference signal and the logarithmic representa-
tion of the receive signal power in the digital receiver path.
The AGC circuit includes a loop filter, an analog control
branch, and a digital control branch. The analog control
branch generates a control signal that is coupled to one or
more elements in an analog receiver path. The digital control
branch generates a control word that is applied to a scaler. The
control signal and the control word distribute gain across
analog and digital elements in the quadrature signal paths of
the radio-frequency subsystem.

An embodiment of a circuit for AGC in a RF subsystem of
a wireless communication system includes a receiver with an
analog receiver path coupled to a digital receiver path, an
output of the digital receiver path coupled to a scaler and an
AGC circuit. The AGC circuit includes an analog control
branch and a digital control branch. The analog control
branch includes a first feedback adder and a lookup table. The
analog control branch is responsive to a gain value received
from a baseband element and a first calibration value. The
analog control branch generates an analog control signal con-
figured to adjust at least one controllable element in the ana-
log receiver path. The digital control branch includes a second
feedback adder, a programmable delay element, and a con-
verter element. The digital control branch generates a control
word responsive to the gain value received from the baseband
element, a second calibration value, and a delayed represen-
tation of the analog control signal.

The figures and detailed description that follow are not
exhaustive. The disclosed embodiments are illustrated and
described to enable one of ordinary skill to make and use the
circuits, systems, and methods for managing AGC in the
quadrature signal paths of a receiver. Other embodiments,
features and advantages of the circuits and methods will be or
will become apparent to those skilled in the art upon exami-
nation of the following figures and detailed description. All
such additional embodiments, features and advantages are
within the scope of the disclosed circuits, systems, and meth-
ods as defined in the accompanying claims.

BRIEF DESCRIPTION OF THE FIGURES

The systems, circuits, and methods for managing AGC in
the quadrature paths of a RF subsystem of a wireless com-
munication system can be better understood with reference to
the following figures. The components within the figures are
not necessarily to scale, emphasis instead being placed upon
clearly illustrating the principles and operation of the circuits,
systems, and methods. Moreover, in the figures, like reference
numerals designate corresponding parts throughout the dif-
ferent views.

FIG. 1is a block diagram illustrating a simplified-wireless
system including a radio-frequency automatic gain control
(RF AGC) system.

FIG. 2 is a functional block diagram illustrating an
example embodiment of a WCDMA receiver.

FIG. 3 is afunctional block diagram illustrating an embodi-
ment of the WCDMA receiver of FIG. 2.

FIG. 4 is a state diagram illustrating an embodiment of a
controller.

FIG. 5 is a functional block diagram illustrating an alter-
native embodiment of the AGC circuit of FIG. 1.
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FIG. 6 is a flow chart illustrating an embodiment of a
method for managing automatic gain control in quadrature
paths of a radio-frequency subsystem of a wireless commu-
nication system.

FIG. 7 is a flow chart illustrating an alternative embodi-
ment of a method for managing automatic gain control in
quadrature paths of a radio-frequency subsystem of a wireless
communication system.

FIG. 8 is a flow chart illustrating an embodiment of a
method for converting a voltage to a value in decibels.

FIG. 9 is a flow chart illustrating an embodiment of a
method for generating a correction factor for conversion from
a linear unit of gain to decibels.

FIG. 10 is a chart illustrating uncorrected error due to
power-of-two conversions.

FIG. 11 is a flow chart illustrating an embodiment of a
method for generating a correction factor for conversion from
decibels to a linear unit of gain.

DETAILED DESCRIPTION

A system provides AGC in a RF portion of a wireless
communication system. An embodiment of the RF AGC sys-
tem includes a power estimator, a blocker identification ele-
ment, a controller, and a AGC circuit. In this embodiment, the
RF AGC system provides closed-loop control of one or more
elements in an analog receiver path and closed-loop control of
a scaler coupled between a digital receiver path and a base-
band subsystem. Circuit elements in the RF AGC system
operate on values using a logarithmic scale.

The power estimator receives a first input from the digital
receiver path and a second input from the output of a channel
select filter. The power estimator generates and forwards a
first estimate responsive to the receive signal power from the
digital receiver path and a second estimate responsive to the
receive signal power at the output of the channel select filter.
The power estimator forwards the first and second estimates
to the blocker identification element. When the signal
samples are processed at half the receiver sample rate, the
same power estimator can be used to determine the signal
power before and after the channel select filter.

The blocker identification element compares a function of
the first and second estimates with a threshold value to deter-
mine when a blocker is present in the receiver. When a blocker
is present, the AGC circuit forwards a control signal to adjust
the gain in an analog receiver path to prevent saturation of an
analog to digital converter in a digital receiver path coupled to
the analog receiver path. The power estimator forwards an
estimate of the signal power at the output of the channel select
filter to an adder that combines a reference value with the
signal power estimate. The output of the adder is forwarded to
the AGC circuit.

In order to make the AGC operation transparent to a base-
band subsystem, the controller manages states of the RF AGC
system. At power-on, a number of “fast” AGC repetitions are
performed to determine a signal power. The controller sets
appropriate parameters in the AGC circuit. When the RF AGC
system halts receiver operation for measurements, a second
set of parameters for fast AGC operation are set for a period of
time. In steady state, “slow” AGC parameters are set. The
controller monitors the rate of change of a receive signal
strength indicator (RSSI) and compares the rate of change
against pre-selected thresholds to determine if a change in
loop parameters is required. The controller further adjusts
DC-cancellation parameters when analog gain is switched.
The controller may also set a flag responsive to LNA gain.
When LNA gain is modified to adjust overall gain in the



US 9,313,079 B2

5

analog receiver path, the controller initiates a phase compen-
sation process at a gain/phase compensator at the baseband
interface.

Anembodiment of the AGC circuit includes a loop filter, an
analog control branch, and a digital control branch. The loop
filter receives the difference of a reference value and a repre-
sentation of the receive signal power from the digital receiver
path. The loop filter generates an error signal that is applied to
both the analog control branch and the digital control branch.
The analog control branch includes a first adder, a program-
mable hysteresis element, and a lookup table. The first adder
receives the error signal from the loop filter and a first cali-
bration value. The output of the first adder is forwarded to the
programmable hysteresis element which applies one or more
adjustable delays in accordance with one or more threshold
values to the output signal from the adder. The output from the
programmable hysteresis element is forwarded to the lookup
table to select a control signal. The control signal is forwarded
to both the digital control branch and the analog receiver path.
The control signal is configured to adjust the gain of one or
more elements in the analog receiver path. The digital control
branch includes a second adder, a programmable delay ele-
ment, and a converter. The programmable delay element
adjusts the control signal received from the analog control
branch to align the control signal in time with the error signal.
The delayed representation of the analog control signal, the
error signal and the second calibration value are applied at the
second adder. The second adder forwards the sum of the error
signal, the second calibration value, and the delayed repre-
sentation of the control signal to the converter. The converter
transforms the output from the second adder from a logarith-
mic value to a linear control word. The control word is for-
warded to the scaler to adjust signal gain in the digital domain
in the receiver.

An alternative embodiment of the AGC circuit receives a
gain value from the baseband subsystem and replaces the
error signal from the loop filter (e.g., by the opening of a
switch) with the gain value. The received gain value is for-
warded from the baseband subsystem to the first and second
feedback adders. The gain value and a first calibration value
are forwarded to the analog control branch. In operation, the
total gain change provided by the baseband is loaded into a
register. Appropriate gain thresholds are loaded into the
lookup table and the calibration value is supplied to the first
feedback adder. The programmable hysteresis element is
bypassed or disabled. The remaining portions of the analog
and digital control paths are reused. The AGC circuit further
applies the gain value and a second calibration value to the
digital control branch. The analog control branch generates a
control signal that is coupled to one or more elements in the
analog receiver path to control gain in the receiver. The digital
control branch generates a control word that is coupled to the
scaler to control gain in the digital domain. Accordingly, gain
control in both embodiments is distributed between analog
and digital control elements.

The circuits, systems, and methods for managing AGC in
the quadrature paths of a receiver can be implemented in
hardware, software, or a combination of hardware and soft-
ware. When implemented in hardware, the systems, circuits
and methods can be implemented using specialized hardware
elements and logic. When the circuits, systems and methods
are implemented partially in software, the software portion
can be used to control components in the circuit so that
various operating aspects can be software-controlled. The
software, as well as gain steps, calibration and reference
values can be stored in a memory, accessed and executed by
a suitable instruction-execution system (microprocessor). A
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hardware implementation of the systems, circuits and meth-
ods can include any or a combination of the following tech-
nologies, which are all well known in the art: discrete elec-
tronic components, a discrete logic circuit(s) having logic
gates for implementing logic functions upon data signals, an
application-specific integrated circuit having appropriate
logic gates, a programmable gate array(s) (PGA), a field
programmable gate array (FPGA), etc.

The software for managing AGC in a RF subsystem of a
wireless communication system comprises an ordered listing
of executable instructions for implementing logical func-
tions, and can be embodied in any computer-readable
medium foruse by or in connection with an instruction execu-
tion system, apparatus, or device, such as a computer-based
system, processor-containing system, or other system that
can fetch the instructions from the instruction execution sys-
tem, apparatus, or device and execute the instructions.

In the context of this document, a “computer-readable
medium” can be any means that can contain, store, commu-
nicate, propagate, or transport the program for use by or in
connection with the instruction execution system, apparatus,
or device. The computer-readable medium can be, for
example but not limited to, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, appara-
tus, device, or propagation medium. More specific examples
(a non-exhaustive list) of the computer-readable medium
would include the following: an electrical connection (elec-
tronic) having one or more wires, a portable computer dis-
kette (magnetic), a random access memory (RAM), a read-
only memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory) (magnetic), an optical
fiber (optical), and a portable compact disc read-only memory
(CDROM) (optical). Note that the computer-readable
medium could even be paper or another suitable medium
upon which the program is printed, as the program can be
electronically captured, via for instance optical scanning of
the paper or other medium, then compiled, interpreted or
otherwise processed in a suitable manner if necessary, and
then stored in a computer memory.

FIG. 1 is a block diagram illustrating a simplified wireless
communication system 100 including a radio-frequency
automatic gain control (RF AGC) system 238. The wireless
communication system 100 includes a baseband subsystem
110, an input/output (I/O) element 112, a transmitter 130, a
front-end module 140, an antenna 145, and a receiver 150.
The I/O element 112 is coupled to the baseband subsystem
110 via connection 114. The I/O element 112 represents any
interface with which a user may interact with the wireless
communication system 100. For example, the I/O element
112 may include a speaker, a display, a keyboard, a micro-
phone, a trackball, a thumbwheel, or any other user-interface
element. A power source (not shown), which may be a direct-
current (DC) battery or other power source, is also connected
to the baseband subsystem 110 to provide power to the wire-
less communication system 100. In a particular embodiment,
the wireless communication system 100 can be, for example
but not limited to, a portable-telecommunication device such
as a mobile cellular-type telephone.

The baseband subsystem 110 includes microprocessor
(.mu.P) 115 and memory 116. The microprocessor 115 and
the memory 116 are in communication with each other.
Depending on the manner in which the RF AGC system 238
and methods for managing AGC in the quadrature signal
paths of a receiver are implemented, the baseband subsystem
110 may also include one or more of an application-specific
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integrated circuit (ASIC), a field programmable gate array
(FPGA), or any other implementation-specific or general pro-
cessor, among other devices.

The baseband subsystem 110, via microprocessor 115 and
the memory 116, provides the signal timing, processing, and
1/O storage functions for wireless communication system
100. In addition, the baseband subsystem 110 generates vari-
ous control signals, such as power control signals, filter con-
trol signals, and modulator control signals that are used to
direct various functions within the transmitter 130 and the
receiver 150, as known to those skilled in the art. The various
control signals may originate from the microprocessor 115 or
from any other processor within the baseband subsystem 110,
and are supplied to a variety of connections within the trans-
mitter 130 and the receiver 150. It should be noted that, for
simplicity, only the basic components of the wireless com-
munication system 100 are illustrated herein.

If portions of the RF AGC system 238 and methods for
managing AGC in the quadrature paths of a receiver are
implemented in software that is executed by the microproces-
sor 115, the memory 116 will also include gain control soft-
ware 118. The gain control software 118 comprises one or
more executable code segments and or data values that can be
stored in the memory 116 and executed in the microprocessor
115. Alternatively, the functionality of the gain control soft-
ware 118 can be coded into an ASIC (not shown) or can be
executed by an FPGA (not shown), or another device.
Because the memory 116 can be rewritable and because a
FPGA is reprogrammable, updates to the gain control soft-
ware 118 including gain stages or ranges, calibration data,
and a reference value can be remotely sent to and saved in the
wireless communication system 100 when implemented
using either of these methodologies.

In a preferred embodiment, the gain control software 118
includes one or more executable code segments for configur-
ing the RF AGC system 238 to operate in conjunction with
other receiver elements and the baseband subsystem 110. A
power estimator, a loop filter, a delay element, a program-
mable hysteresis element, one or more programmable digital
filters, and entries in a lookup table, as well as one or more
converters, can be configured or controllably updated as
desired to permit the RF AGC system 238 to operate in both
WCDMA and GSM/EDGE modes of operation. The arrange-
ment and operation of the power estimator, loop filter, delay
element, programmable hysteresis element, lookup table,
digital filters, and the one or more converters will be
explained in association with the functional block diagrams
of FIG. 2, FIG. 3 and FIG. 5.

The baseband subsystem 110 transforms digital commu-
nication information within baseband subsystem 110 into
analog signals for transmission by the transmitter 130. More
specifically, the baseband subsystem 110 uses digital-to-ana-
log converters (not shown) to generate the in-phase (I) and
quadrature-phase (Q) transmit signals that are applied via bus
120 to the transmitter 130.

The transmitter 130 includes a modulator (not shown),
which modulates the analog signals and provides a modulated
signal to an upconverter (not shown). The upconverter trans-
forms the modulated signal on to an appropriate transmit
frequency and provides the upconverted signal to a power
amplifier (not shown). The power amplifier amplifies the
upconverted signal to an appropriate power level for the com-
munication protocol or standard in which the wireless com-
munication system 100 is designed to operate. The modu-
lated, upconverted, and amplified transmit signal is
forwarded to front-end module 140 via connection 132.
Details of the transmitter 130 have been omitted, as they will
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be understood by those skilled in the art. For example, when
the power amplifier is used in a constant-amplitude, phase (or
frequency) modulation application such as GSM, the phase-
modulated information is provided by a modulator within the
transmitter 130. When a power amplifier (not shown) is used
in an application requiring both phase and amplitude modu-
lation such as, for example, for GSMNEDGE, the Cartesian
in-phase (I) and quadrature (Q) components contain both
amplitude and phase information.

The front-end module 140 comprises an antenna system
interface that may include, for example, a diplexer having a
filter pair that allows simultaneous passage of both transmit
signals and receive signals in respective frequency ranges, as
known to those skilled in the art. The transmit signal is sup-
plied from the front-end module 140 to the antenna 145 for
signal transmission to suitable configured communication
devices remote from wireless communication system 100.

A signal received by an antenna 145 is directed from the
front-end module 140 to the receiver 150 via connection 142.
The receiver 150 includes various components to downcon-
vert, digitize, and filter a recovered data signal from a receive
signal, as known to those skilled in the art. A mixing stage
downconverts and separates the received RF signal into in-
phase (I) and quadrature-phase (Q) receive signals. The [ and
Q receive signals are sampled and transformed into digital
signals by one or more ADCs. One or more specialized digital
filters are introduced to further process the I and Q receive
signals.

The RF AGC system 238 is introduced to dynamically and
selectively manage AGC in the receiver 150. After dynamic
(i.e., controlled) correction for gain and phase imbalances,
the corrected 1 and Q signals are demodulated and further
processed in the baseband subsystem 110.

The transmitter 130 and the receiver 150 may be collocated
in an integrated transceiver, such as when the transmitter 130
and the receiver 150 are implemented on a RF integrated
circuit (IC). In alternative embodiments, the receiver 150 and
the transmitter 130 are implemented on separate ICs. Under
both architectures, the RF AGC system 238 is preferably
implemented in hardware on an integrated circuit in the
receiver 150.

FIG. 2 is a functional block diagram illustrating an
example embodiment of the receiver 150 of FIG. 1. The
receiver 150 receives a RF-input signal (RF_IN) on connec-
tion 142 which is coupled to an analog receiver path 210 and
via connection 215 to a digital receiver path 220. The analog
receiver path 210 includes mixers, amplifiers, and/or attenu-
ators. The mixers are configured to separate the I (i.e., in-
phase) receive signal and Q (i.e., quadrature-phase) receive
signal components from the RF-input signal. The amplifiers
and or attenuators in the analog receiver path 210 under the
control of a control signal on connection 267 adjust the
receive signal power. The digital receiver path 220 includes a
series combination of a sigma-delta analog to digital con-
verter 222, a decimation filter 224, a high-pass filter 226,
compensation filters 228, and a channel select filter 230. As
illustrated in FIG. 2, the digitized version of the receive signal
is forwarded on connection 223 from the sigma-delta analog
to digital converter 222 to the decimation filter 224. The
decimated and digitized representation of the receive signal is
forwarded via connection 225 from the decimation filter 224
to the high-pass filter 226, which reduces the magnitude of
signal components below a corner frequency. The high-pass
filtered representation of the receive signal is forwarded on
connection 227 to a set of compensation filters 228. The
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output of the compensation filters 228 is forwarded on con-
nection 229 to the channel select filter 230 and to the RF AGC
system 238.

The channel select filter 230, under the control of one or
more signals (not shown) from the baseband subsystem 110,
passes a select range of frequencies, i.e., a select receive
channel, to the RF AGC subsystem 238 on connection 235
and on connection 233 to a scaler 402. In addition to receiving
a select receive channel on connection 235, the RF AGC
subsystem 238 receives a first calibration signal on connec-
tion 1205, a second calibration signal on connection 120¢ and
an AGC reference signal on connection 120d. As further
illustrated in FIG. 2, the RF AGC system 238 generates three
output signals. A receive signal strength indicator (RSSI)
signal is communicated to the baseband subsystem 110 on
connection 120e. An analog control signal is communicated
from the AGC circuit 260 to the analog receiver path 210. The
analog control signal on connection 267 includes information
for setting or otherwise controlling the gain of one or more
controllable elements in the analog receiver path 210. In
addition, a digital control word is communicated from the
AGC circuit 260 to the scaler 402 on connection 265. The
scaler 402 is a digital gain element. That is, the scaler 402, in
response to the digital control word on connection 265,
adjusts the digital representation of the receive signal pro-
vided on connection 233 and forwards the same on connec-
tion 120a to the baseband subsystem 110.

In the illustrated embodiment, the RF AGC system 238
includes a power estimator 240, a blocker identification ele-
ment 250 and an AGC circuit 260. The power estimator 240
forwards first and second power estimates. A first estimate of
signal power is generated from a signal on connection 229,
which originates at the input to the channel select filter 230. A
second estimate of signal power is generated from a signal on
connection 235 at the output of the channel select filter. As
described above, when receive signal samples are processed
at half the receiver sample rate, a single power estimator can
be used to determine the signal power before and after the
channel select filter. The first and second estimates of the
receive channel power are forwarded to the blocker identifi-
cation element on connection 245. The blocker identification
element 250 includes logic that compares a difference of the
first and second estimates with a threshold value to determine
when a blocker is present in the receiver 150. When a blocker
is present in the receiver 150, a signal indicating the same is
forwarded along connection 255 to the AGC circuit 260. In
addition, the power estimator 240 forwards the first estimate
to the AGC circuit 260 on connection 247.

As described briefly above, the AGC circuit 260, operating
in accordance with controller 400, uses an analog control path
(not shown) to controllably adjust the gain of one or more of
mixer/LLNA stage(s), transimpedance amplifier(s), and pro-
grammable power amplifier(s) in the analog receiver path
210. When a LNA gain stage is adjusted, the controller 400
will forward an indication of the same to a gain/phase com-
pensator (not shown). The gain/phase compensator, which
can be implemented in the RF portion ofthe receiver 150 orin
the baseband subsystem 110, performs a complex multiply
operation on the I and Q data signals after the appropriate
number of data signal samples have been processed. The gain
and phase corrected I and Q data signals are further processed
by the baseband subsystem 110 before being forwarded to the
1/0 element 112 (FIG. 1). As also explained above, the AGC
circuit 260, operating in accordance with the controller 400,
uses a digital control path (not shown) to generate a control
word that is forwarded on connection 265 to controllably
adjust the scaler 402.
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FIG. 3 is a functional block diagram illustrating an embodi-
ment of the RF AGC system 238 of FIG. 1. As illustrated in
FIG. 3, areceiver 300 includes an analog receiver path 210, a
digital receiver path 220, a scaler 402, and the RF AGC
system 238. The analog receiver path 210 receives the RF_IN
signal on connection 142 and a control signal on connection
267. The analog receiver path 210 includes series-coupled
analog devices that amplify or attenuate the signal power (i.e.,
the RF_IN signal) in accordance with information encoded in
the control signal on connection 267.

In an embodiment, the analog receiver path 210 includes
one or more low-noise amplifiers (LNAs), one or more tran-
simpedance amplifiers (TIAs), or one or more programmable
gain amplifiers (PGAs) coupled in series. In an embodiment,
the AGC circuit 260 is arranged to provide approximately 48
dB of analog gain control over 5 gain stages or ranges. Two of
the gain stages are provided by a programmable gain ampli-
fier. A first programmable amplifier gain stage provides
approximately 10 dB of gain to the analog signal in the analog
receiver path 210. A second programmable amplifier gain
stage provides approximately 6 dB of gain to the analog
signal. The remaining gain stages or ranges are provided by
combinations of mixers and LNAs. First and third mixer/
LNA gain stages provide approximately 10 dB of gain to the
analog signal. A second mixer/LNA gain stage provides
approximately 12 dB of gain to the analog signal. Other
embodiments providing a smaller or larger total gain to the
analog signal are possible. These other embodiments provid-
ing a total gain in the analog signal other than approximately
48 dB can be implemented by many different combinations of
gain stages and combinations of amplifiers or attenuators as
may be desired.

As is known, the analog receiver path 210 further includes
analog elements for separating the in-phase (1) and quadra-
ture phase (Q) components of the receive signal. When these
analog elements for separating the I and Q components of the
receive signal are arranged after the amplifiers or attenuators,
the amplifiers and or attenuators may be arranged in a single
signal path. Once the [ and Q components of the receive signal
are separated, it should be understood that separate amplifiers
or attenuators should be applied in matched pairs to adjust the
signal power of the [ or in-phase receive signal channel and a
Q or quadrature-phase receive signal channel. Thereafter, the
power adjusted I and Q receive signals are forwarded on
connection 215 to the digital receiver path 220.

As described above, the digital receiver path 220 includes
analog to digital converters, decimation filters, high-pass fil-
ters, compensation filters, and a channel select filter (not
shown). The digital receiver path 220 receives the power
adjusted 1 and Q receive signals on connection 215. The
digital receiver path 220 forwards a first digital representation
of the sampled and filtered I and Q receive signals on con-
nection 229 to the RF AGC system 238. The first digital
representation of the I and Q receive signals forwarded on
connection 229 includes the I and Q receive signals before
they are processed in a channel select filter. The digital
receiver path 220 is further configured to forward a second
digital representation of the sampled and filtered I and Q
receive signals on connection 235 to the RF AGC system 238.
The second digital representation includes the I and Q receive
signals after they have been processed by a channel select
filter (not shown). A channel select filter passes only those
signal components within a designated range of frequencies.
When a blocker is present in the receiver 150, the signal
power in the I and Q receive signals prior to processing in the



US 9,313,079 B2

11

channel select filter will be greater in magnitude than the
signal power in the I and Q receive signals at the output of the
channel select filter.

The second digital representation of the I and Q receive
signals is forwarded to the scaler 402 on connection 233. The
scaler 402 is a digital gain element. The scaler 402 adjusts the
digital representation of the [ and Q receive signals provided
on connection 233 in accordance with a digital control word
communicated from the AGC circuit 260 on connection 265.
As will be explained below, the AGC circuit 260 adjusts the
control word in accordance with present operating conditions
in the receiver 150 including the estimated power of the
receive signal, the amount of analog gain provided in the
analog receiver path 210, and a desired reference value. The
scaler 402, in response to the digital control word on connec-
tion 265, digitally scales or adjusts the [ and Q receive signals
before forwarding the same to the baseband subsystem 110 on
connection 120a. In an embodiment, the scaler 402 provides
approximately 72 dB of digital gain control. Other embodi-
ments providing a smaller or larger total gain to the digital I
and Q receive signals are possible.

The RF AGC system 238 includes a power estimator 240,
a converter 334, an adder 336, and additional elements. The
power estimator 240 receives the channel select filtered [ and
Q receive signals via connection 235. The power estimator
also receives a representation of the I and Q receive signals
that have not been processed by the channel select filter (not
shown) on connection 229. The power estimator 240 is
arranged to calculate an estimate of the signal energy in the |
and Q receive signals both before and after the channel select
filter. The power estimator 240 is a hardware device config-
ured to perform Equation 1 below.

1Nt Equation 1
power = 1010g10[ﬁ2 2+ Q‘Z]
i=0

N in Equation 1 is the number of samples used in the calcu-
lation. The summation operates in an integration and dump
mode. Therefore, the subsequent functional blocks in the RF
AGC system 238 operate at a frequency determined by the
ratio of a sample frequency and the number of samples. The
estimated signal energy for samples received from connec-
tion 235 are forwarded on connection 333 to the converter
334. The converter 334 is arranged to translate the estimated
signal energy to a value in decibels using an algorithm that is
illustrated and described in association with FIG. 8. The adder
336 receives areference power in dB via connection 1204 and
the estimate of signal energy (in dB) from the converter 334
via connection 335. As illustrated in FIG. 3, the adder 336
generates and forwards the difference of the reference power
and the estimate of signal energy to the AGC circuit 260 on
connection 347.

The reference power is a programmable value. For the
receiver 150 illustrated and described in FIG. 2, the reference
power is set as follows. Since a WCDMA signal resembles
white noise, its crest factor is assumed to be F /3, where F is
the full scale,

_p _ 2
Epearn=T peak"'szeak*F st~ Fs
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Assuming a crest factor of 1/3, the average signal energy is:

F
Eavg = Igvg + ngg = (_

The reference power can be determined as a ratio of the
average signal energy and the peak signal energy as follows:

Eae _ 265 _1_ 454
Epewe  2F5/9 0 7T

Allowing for a 3 dB margin, the reference power is set to
-12.5dB.

As further illustrated in FIG. 3, the RF AGC system 238
includes a blocker identification element 250 and a controller
400. The blocker identification element 250 receives a first
estimate and a second estimate from the power estimator 240
on connection 245. The first estimate represents the signal
power in the I and Q receive signals before the channel select
filter. The second estimate represents the signal power in the
T and Q receive signals after being processed by the channel
select filter. The blocker identification element 250 includes
logic configured to generate a blocker presence signal when a
function of the first estimate and the second estimate exceeds
athreshold value. As indicated in FIG. 3, the blocker presence
signal is communicated via connection 255 to the lookup
table 356 in the analog control branch 350. The lookup table
includes one or more entries with information suitable for
adjusting one or more controllable elements in the analog
receive path 210 in response to the blocker presence signal to
prevent the analog to digital converters in the digital receive
path 220 from receiving respective input signals that exceed
their dynamic range.

The controller 400 is a state machine that is coupled via
connection 405 to a loop filter 345, multiple elements in the
AGC circuit 260, and one or more filters in the digital receiver
path. As will be explained in greater detail in association with
the state diagram of FIG. 4, the controller 400 sets operational
parameters for normal, power-up, and compressed modes of
operation, among others. The operational parameters include
but are not limited to a power calculation window size, one or
more loop filter constants, corner frequencies for a DC-can-
cellation high-pass filter, one or more thresholds, etc.

The AGC circuit 260 includes a loop filter 345, the analog
control branch 350, and the digital control branch 360. The
loop filter 345 receives the error signal in decibels on connec-
tion 347 and is arranged to forward a filtered error signal in
accordance with Equation 2 below. The filtered error signal is
communicated on connection 349 to both the analog control
branch 350 and the digital control branch 360.

filtered_error(k)=filtered_error(k-1)+Kj,,, error(k) Equation 2

Kipop 18 @an AGC loop constant that is programmable and
adjustable by the controller 400.

The analog control branch 350 includes a first feedback
adder 352, a programmable hysteresis element 354, and a
lookup table 356. The first feedback adder 352 receives the
filtered error signal on connection 349 and a first calibration
value on bus connection 1205. The first feedback adder 352 is
arranged to forward the difference of the first calibration
value and the filtered error signal to the programmable hys-
teresis element 354 and the baseband subsystem 110 (not
shown) on bus connection 120e. The difference of the first
calibration value and the filtered error signal is an indication



US 9,313,079 B2

13

of the receive signal strength or a receive signal strength
indicator (RSSI). The first calibration value is a program-
mable value that can account for variation in receive signal
strength due to frequency and temperature. When calibration
data is not available for a present combination of temperature
and frequency, a default value of approximately —18 dB is
applied.

To prevent analog gain toggling, the programmable hyster-
esis element 354 provides a time or delay period, during
which analog gain is not permitted to change. In addition, the
time or delay period is applied with thresholds, which in
conjunction with a previous gain state or stage are used to
determine a new analog gain value.

The receive signal strength, as adjusted in time by the
programmable hysteresis element 354, is used as an index to
the lookup table 356, which determines the analog gain dis-
tribution corresponding to the receive signal power. The
thresholds in the lookup table are programmable. Table 1 is an
example of such a table.

TABLE 1
WCDMA ANALOG GAIN LUT
Total

Input Signal Analog Gain LNA Gain TIA Gain PGA Gain

(dBm) (dB) (dB) (dB) (dB)
-110 55 27 (High) 12 (High) 16 (High)
-97 43 27 (High) 6 (Mid) 10 (Mid)
-82 34 24 (Mid) 0 (Low) 10 (Mid)
=72 22 12 (Low) 0 (Low) 10 (Mid)
-44 10 0 (Bypass) 0 (Low) 10 (Mid)
-33 0 0 (Bypass) 0 (Low) 0 (Low)

In the embodiment illustrated in Table I, when an input
signal threshold of —33 dBm is detected, the analog control
branch 350 generates an analog control signal on connection
267 that directs the analog receiver path 210 to provide
approximately O dB of gain in the analog receiver path 210.
When an input signal threshold between -33 dBm and -44
dBm is detected, the analog control branch 350 changes the
analog control signal on connection 267 to provide approxi-
mately 10 dB of total gain via a PGA in the analog receiver
path 210. Similarly, when the input signal threshold falls
between —44 dBm and -72 dBm, the analog control branch
350 changes the analog control signal on connection 267 to
provide approximately 22 dB of total gain with approxi-
mately 10 dB of gain provided by the PGA and approximately
12 dB of additional gain provided by a LNA in the analog
receiver path 210. When the input signal threshold falls
between -72 dBm and -82 dBm, the analog control branch
350 changes the analog control signal on connection 267 to
provide approximately 34 dB of total gain with approxi-
mately 10 dB of gain provided by the PGA and approximately
24 dB of additional gain provided by one or more LNAs in the
analog receiver path 210. When the input signal threshold
falls between —82 dBm and -97 dBm, the analog control
branch 350 changes the analog control signal on connection
267 to provide approximately 43 dB of total gain with
approximately 10 dB of gain provided by the PGA, approxi-
mately 6 dB of gain provided by a transimpedance amplifier,
and approximately 27 dB of additional gain provided by one
or more LNAs in the analog receiver path 210. Lastly, when
the input signal threshold falls between —97 dBm and -110
dBm, the analog control branch 350 changes the analog con-
trol signal on connection 267 to provide approximately 55 dB
of total gain with approximately 16 dB of gain provided by
the PGA, approximately 12 dB of gain provided by a tran-

10

15

20

25

30

35

40

45

50

55

60

65

14

simpedance amplifier, and approximately 27 dB of additional
gain provided by one or more LNAs in the analog receiver
path 210.

Other embodiments including other analog gain stages
different from those illustrated in Table 1 are contemplated.
For example, more or less analog gain stages or steps may be
provided by other combinations of amplifiers and control-
lable attenuators. The additional amplifiers could include a
LNA, a TIA, a PGA, two or more LNAs, two or more TIAs,
two or more PGAs, or combinations of the above with any
number of controllable attenuators (with multiple ranges of
attenuation) to achieve the desired gain stages.

As indicated in Table 1 an analog control signal for adjust-
ing the gain in an analog receiver path 210 could include a
suitable code for representing any one of low, mid, or high-
range gain states to one or more LNAs, one or more TIAs, or
one or more PGAs, as desired. Alternative arrangements of
controllable elements in an analog receiver path could be
similarly controlled over any number of desired control
ranges using any number of control signals encoded to com-
municate desired combinations of elements and gain states.
Although the embodiment presented in Table I does not
include an attenuator, it should be understood that the analog
control branch 350 and the analog receiver path 210 are not so
limited.

LNA gain changes require a phase correction to be applied
to the I and Q receive signal components before being for-
warded to the baseband subsystem 110 (FIG. 1). Accordingly,
the lookup table 356 may further include rotation factors (not
shown) that are used in a phase correction. Before forwarding
the I and Q values to the baseband subsystem 110 with an
appropriate delay corresponding the receive path filter delays,
a complex multiplication between [+jQ and cos(.PHI.)+j sin
(.PHL) is performed when the LNA gain state is switched.
The rate of change of the analog gain is defined by Equation
3.

N . Equation 3
= — X Gainhold
fs

Alsnaiog gain

where, N is the power estimation window size;

{5 is the power calculation sampling rate; and

Gainhold is the analog gain change delay in units of num-
ber of samples.

The digital control branch 360 includes a programmable
delay element 361, a second feedback adder 362, and a con-
verter 364. The programmable delay element 361 synchro-
nizes the analog control signal on connection 267 with the
filtered error signal on connection 349 from the loop filter
345. The second feedback adder 362 receives the filtered error
signal on connection 347, a second calibration value on con-
nection 120¢, and the delayed analog control signal from the
delay element 361. As illustrated in FIG. 3, the second feed-
back adder 362 generates and forwards the difference of the
filtered error signal, the second calibration value, and the
delayed analog control signal on connection 363 to the con-
verter 364. The converter 364 generates a control word after
translating the digital gain from decibels to a linear value. The
control word is forwarded via connection 265 to the scaler
402. A method for converting decibels to a linear unit is
illustrated and described in association with FIG. 9.

FIG. 4 is a state diagram illustrating an embodiment of the
controller 400 that enables autonomous operation of the AGC
circuit 260. The state diagram of FIG. 4 shows the architec-
ture, functionality, and operation of a possible implementa-
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tion of a controller via software and or firmware associated
with the RF AGC system 238. In this regard, each circle
represents a set of conditions and the arrows between circles
describe the behavior of the controller 400. It should be
understood that the controller 400 can be implemented in
hardware, firmware, or software. When the RF AGC system
238 is implemented via hardware, hardware and firmware, or
a combination of hardware and software, one or more com-
binations of states and arrows in the state diagram may rep-
resent an additional circuit or circuits. Alternatively, the
described functions can be embodied in source code includ-
ing human-readable statements written in a programming
language or machine code that comprises instructions recog-
nizable by a suitable execution system such as a processor in
a computer system. The machine code may be converted from
the source code, etc.

To provide autonomous operation of the AGC circuit 260,
the controller 400 sets operational parameters for normal,
power-up, and compressed modes of operation, among oth-
ers. The operational parameters include but are not limited to
apower calculation window size, one or more AGC loop filter
constants, corner frequencies for a DC-cancellation or high-
pass filter that can be applied in one or multiple steps (in the
digital receiver path 220), rate thresholds, and mode timers. In
addition, a transition timer may be set. The transition timer is
used by the controller 400 to adjust a corner frequency for the
high-pass filter in response to an analog gain change (in one or
multiple steps) and to return the corner frequency to a first
frequency when the timer has elapsed. Under some circum-
stances, it may be desirable to manage the loop filter constant
and the power calculation window dynamically.

The state diagram 404 includes state 410, state 420, state
430, state 440, state 450, and state 460. State 410 is a power-
up mode of operation. A set of suitable parameters for oper-
ating the AGC circuit 260 under power-up conditions are
applied repeatedly as shown by arrow 412 until a select num-
ber of repetitions have been met. When the AGC circuit 260
has performed the select number of repetitions, the controller
400 transitions to state 430, as shown by arrow 414.

State 420 is a compressed mode of operation. A set of
suitable parameters for operating AGC circuit 260 in a com-
pressed mode are applied repeatedly as shown by arrow 422
until a select number of repetitions have been met. When the
AGC circuit 260 has performed the select number of repeti-
tions, the controller 400 transitions to state 430, as indicated
by arrow 424.

State 430 is a normal mode of operation. A set of suitable
parameters for operating the AGC circuit 260 under normal
operating conditions are applied. In state 430, the controller
400 compares the rate of change of the estimated RSSI from
the AGC circuit 260 with first and second threshold values.
When the rate of change exceeds a first threshold, the con-
troller 400 transitions as indicated by arrow 432 to state 440.
In state 440, the controller 400 adjusts the power calculation
window and the loop filter constant in a first manner (e.g., to
speed up the feedback loop). Once the controller 400 has
made the adjustments indicated in state 440, the controller
400 transitions back to state 430, as indicated by arrow 442.
Otherwise, when the rate of change is less than a second
threshold, the controller 400 transitions, as indicated by arrow
434, to state 450. In state 450, the controller 400 adjusts the
power calculation window and the loop filter constant in a
second manner (e.g., to slow down the feedback loop). Once
the controller 400 has made the adjustments indicated in state
450, the controller 400 transitions back to state 430, as indi-
cated by arrow 452.
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State 460 is a transition mode of operation. A set of suitable
parameters for operating the AGC circuit 260 in a transition
mode are applied in response to an indication that the analog
gain has changed as shown by arrow 436. When the analog
gain changes, the controller 400 applies a DC-offset correc-
tion filter for a select period of time. When the AGC circuit
260 has applied the DC-offset correction filter for the select
period time, one or more filter parameters (e.g., a corner
frequency) may be returned to a normal mode setting as
indicated by arrow 462.

FIG. 5 is a functional block diagram illustrating an alter-
native embodiment of the AGC circuit of FIG. 3. The AGC
circuit 560 is suitable for use in a GSM/EDGE mode of
transceiver operation. The AGC circuit 560 shares several of
the circuit elements from the AGC circuit 260 illustrated in
FIG. 3 and described above. Asillustrated in FI1G. 5, the AGC
circuit 560 is implemented in a receiver 500 that includes an
analog receiver path 210, a digital receiver path 220, and a
scaler 402. The analog receiver path 210 operates in accor-
dance with a control signal provided by an analog control
branch 550. The scaler 402 operates in accordance with a
control word provided by the digital control branch 360. The
power estimator 240, converter 334, adder 336, blocker iden-
tification element 250, controller 400, and loop filter 345 are
illustrated in dashed lines to show that they have been dis-
abled or otherwise removed from the other elements in the
receiver 500. In the illustrated embodiment, a switch 510 is
controllably positioned to provide gain values from the base-
band subsystem 110 (FIG. 1) via connection 120f to the
analog control branch 550 and the digital control branch 360.
As further illustrated in FIG. 5, the switch 510 no longer
couples connection 349 (i.e., the output of the loop filter 345)
to the analog control branch 550 and the digital control branch
360. In addition, the programmable hysteresis element 354 is
disabled and bypassed via connection 120e. Alternatively, the
programmable hysteresis element 354 is operated in a bypass
mode to apply the difference of the first calibration value and
the gain value from the baseband subsystem 110 to the lookup
table 356.

The analog receiver path 210 receives the RF_IN signal on
connection 142 and provides an amplified version of the [ and
Q receiver components in accordance with the control signal
on connection 267 to the digital receiver path 220. The analog
receiver path 210 may include mixers, one or more low-noise
amplifiers (LNAs), or one or more programmable power
amplifiers (PGAs). In an embodiment, the analog control
branch 550 is arranged to provide approximately 54 dB of
analog gain control over 6 gain stages or ranges. Two of the
gain stages are provided by a programmable amplifier. A first
programmable amplifier gain stage provides approximately 6
dB of gain to the analog signal. A second programmable
amplifier gain stage provides approximately 6 dB of gain to
the analog signal. Two additional gain stages are provided by
mixers in the analog receiver path 210. A first mixer gain stage
provides approximately 10 dB of gain to the analog signal. A
second mixer gain stage provides approximately 10 dB of
additional gain to the analog signal. The remaining gain
stages or ranges are provided by one or more LNAs. A first
LNA gain stage provides approximately 14 dB of gain to the
analog signal. A second LNA gain stage provides approxi-
mately 14 dB of additional gain to the analog signal. Other
embodiments providing a smaller or larger total gain to the
analog signal are possible. These other embodiments provid-
ing a total gain in the analog signal other than approximately
54 dB can be implemented by many different combinations of
gain stages.



US 9,313,079 B2

17

The digital receiver path 220 receives the amplified ver-
sions of the I and Q receive signals on connection 215. The
digital receiver path 220 includes one or more signal process-
ing elements that sample, digitize, high-pass filter, and com-
pensate for power variation over frequency in the communi-
cation path traversed by the I and Q receive signals. In
addition, the digital receiver path 220 may include a channel
select filter for removing undesired frequencies below a low-
frequency threshold and undesired frequencies above a high-
frequency threshold. The output of the digital receiver path
220 is forwarded on connection 233 to a scaler 402. The scaler
402 is a digital gain element that operates in accordance with
a control word received on connection 265 from the digital
control branch 360. The power adjusted I and Q signals gen-
erated from the received analog signal are forwarded via bus
connection 120« to the baseband subsystem 110 (FIG. 1). In
one embodiment, the digital receiver path 220 provides
approximately 72 dB of digital gain control. Other embodi-
ments providing a smaller or larger total gain to the digital I
and Q signals are possible.

The analog control branch 550 includes a first feedback
adder 352 and a lookup table 356. The first feedback adder
352 receives the gain value from the baseband subsystem 110
on connection 349 and a first calibration value on connection
12064. The first feedback adder 352 is arranged to forward the
difference between the first calibration value and the total
gain loaded from the baseband subsystem 110 (not shown) on
connection 120f. The difference between the first calibration
value and the gain value is a RSSI. The first calibration value
is a programmable value that can account for variation in
receive signal strength due to frequency and temperature. The
RSSI is used as an index to the lookup table 356, which
determines the analog gain distribution corresponding to
antenna power. The thresholds in the table are programmable.
Table 2 is an example embodiment of such a table.

TABLE 2
GSM/EDGE ANALOG GAIN LUT
Switching Threshold Analog Gain Gain Stage

(dBm) (dB) (dB)

-100 54 PGA (6)
-83 48 PGA (6)
-59 38 Mixer (10)
-47 28 Mixer (10)
-35 14 LNA (14)
-33 6 LNA (14)

In the embodiment illustrated in Table 2, when a switching
threshold of —33 dBm is detected, the analog control branch
550 generates an analog control signal on connection 267 that
directs the analog receiver path 210 to provide approximately
0 dB of gain in the analog receiver path 210. When a switch-
ing threshold between —33 dBm and -35 dBm is detected, the
analog control branch 550 changes the analog control signal
on connection 267 to provide approximately 14 dB of gain via
a LNA in the analog receiver path 210. Similarly, when the
switching threshold falls between —35 dBm and -47 dBm, the
analog control branch 550 changes the analog control signal
on connection 267 to provide approximately 14 dB of gain via
a first LNA and approximately 14 dB of additional gain via a
second LNA in the analog receiver path 210 for a total analog
gain of approximately 28 dB. Table 2 illustrates additional
gain stages or states of analog gain control that can be applied
to the LNAs, mixers, and PGAs in the analog receiver path
210 as may be desired.
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Other embodiments including other analog gain stages
different from those illustrated in Table 2 are contemplated.
For example, when passive mixers are used one or more gain
stages or steps may be provided by one or more additional
amplifiers. The additional amplifiers could include a LNA, a
PGA, two or more LNAs, two or more PGAs, or combina-
tions of one or more LNAs with one or more PGAs to achieve
the desired gain stages. In addition, one or more attenuators
could be introduced in the analog receiver path 210 to allow
for further control of the gain. As described above, the control
signal on connection 267 will include information suitable for
realizing desired gain stages in accordance with the architec-
ture of the analog receiver path 210.

The digital control branch 360 includes a programmable
delay element 361, a second feedback adder 362, and a con-
verter 364. The second feedback adder 362 receives the base-
band provided gain values via connection 349, a second cali-
bration value via connection 120c¢, and a delayed
representation of the analog gain from the programmable
delay element 361. As illustrated in FIG. 5, the second feed-
back adder 362 generates and forwards the difference of the
gain value, the second calibration value, and the analog gain
received from the programmable delay element 361 on con-
nection 363 to the converter 364. The converter 364 generates
a control word after translating the digital gain from decibels
to a linear value. The control word is forwarded via connec-
tion 265 to the scaler 402. A method for converting decibels to
a linear unit is illustrated and described in association with
FIG. 9.

FIG. 6 is a flow chart illustrating an embodiment of a
method for implementing an analog gain control signal. The
flow diagram of FIG. 6 shows the architecture, functionality,
and operation of a possible implementation via a circuit or
circuits, software, and or firmware associated with the
receiver 150 of FIG. 1 or the receiver 500 of FIG. 5. When the
AGC circuit 260 is implemented via hardware, hardware, and
firmware, or a combination of hardware and software, one or
more blocks in the flow diagram may represent an additional
circuit or circuits. Alternatively, the described functions can
be embodied in source code including human-readable state-
ments written in a programming language or machine code
that comprises instructions recognizable by a suitable execu-
tion system such as a processor in a computer system. The
machine code may be converted from the source code, etc.

Method 600 begins with block 602 where a desired
dynamic range is identified based on the maximum expected
power in a receive signal, a reference sensitivity and blocker
requirements. In block 604, a number of ranges of gain con-
trol are identified. Thereafter, as indicated in block 606, a
number of gain states are identified within the identified num-
ber of ranges of gain control. In block 608, select gain states
are associated with one or more controllable elements in the
analog receiver path of a receiver. Thereafter, as indicated in
block 610, a digital gain to be applied in the digital receiver
path of the receiver is determined as a function of the total
gain desired and the gain provided in the analog receiver path.

FIG. 7 is a flow chart illustrating an embodiment of a
method for managing automatic gain control in quadrature
paths of a RF subsystem of a wireless communication system.
The flow diagram of FIG. 7 shows the architecture, function-
ality, and operation of a possible implementation via a circuit
or circuits, software, and or firmware associated with the
receiver 150 of FIG. 1 or the receiver 500 of FIG. 5. In this
regard, each block represents a module, segment, or portion
of'code, which comprises one or more executable instructions
for implementing the specified function(s). When the AGC
circuit 260 or the AGC circuit 560 is implemented via hard-
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ware, hardware and firmware, or a combination of hardware
and software, one or more blocks in the flow diagram may
represent an additional circuit or circuits. Alternatively, the
described functions can be embodied in source code includ-
ing human-readable statements written in a programming
language or machine code that comprises instructions recog-
nizable by a suitable execution system such as a processor in
a computer system. The machine code may be converted from
the source code, etc.

Method 700 begins with block 702 where a first signal
strength at an input to a channel select filter is determined and
a second signal strength at an output of the channel select
filter is determined. As described above, a power estimator
can be used to determine both the first and second signal
strengths when the signal data is forwarded to the power
estimator at one half the receiver sample rate. Thereafter, as
indicated in block 704, the first and second signal strengths
are compared to determine if a blocker is present in the
receive signal. In decision block 706, it is determined if a
blocker is present. A difference of the first and second signal
strengths can be compared with a threshold value to identify
when a blocker is present in the receiver.

As shown in block 708, when a blocker is present, one or
more analog gain stages are adjusted by forwarding a blocker
presence signal to an analog control branch of an automatic
gain control circuit. The analog control branch includes a
lookup table with information arranged to communicate a
control signal that when applied to the analog receive path
reduces the signal power to prevent saturation or clipping of
the receive signal atan ADC. Otherwise, when a blocker is not
present, a difference between the second signal strength (i.e.,
the filtered receive signal) and a reference value is determined
to generate an error signal. Thereafter, the difference or error
signal is applied to a first-order feedback loop having an
analog control branch and a digital control branch, as shown
in block 712. As described above, the analog control branch
provides an analog gain control signal to controllable ele-
ments in the analog receiver or signal path to provide a desired
analog gain control. As also described above, the digital con-
trol branch operates in accordance with the difference of the
error signal and the analog gain signal to generate a control
word that adjusts a scaler 402 coupled in series with the
channel select filter to provide a desired amount of gain in the
digital domain.

FIG. 8 is a flow chart illustrating an embodiment of a
method for converting a voltage value or other unit of measure
using a linear scale to a value in decibels. The flow chart is an
embodiment of an implementation of a leading ones detector.
An example of a leading ones detector was introduced by
Khalid H. Abed, in an article titled, “CMOS VLSI Implemen-
tation of a Low Power Logarithmic Converter,” published in
IEEE Transaction on Computers, November 2003. The flow
diagram of FIG. 8 shows the architecture, functionality, and
operation of a possible implementation via a circuit or cir-
cuits, software, and or firmware associated with the converter
334. In this regard, each block represents a module, segment,
or portion of code, which comprises one or more executable
instructions for implementing the specified function(s).
When the converter 334 is implemented via hardware, hard-
ware and firmware, or a combination of hardware and soft-
ware, one or more blocks in the flow diagram may represent
an additional circuit or circuits. Alternatively, the described
functions can be embodied in source code including human-
readable statements written in a programming language or
machine code that comprises instructions recognizable by a
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suitable execution system such as a processor in a computer
system. The machine code may be converted from the source
code, etc.

Method 800 begins with block 802 where the N,,, input
number is used to define a variable “IN.” In block 804, the bit
position of a leading one from the filtered receive signal is
used to define an integer “J.” Next, in block 806, a variable
“FRAC” is defined as the difference between the variable
“IN” and (1<<J). In block 810, an intermediate value “X” is
defined as the ratio of the sum of J and FRAC over the sum of
the expression (1<<J), a correction value, and (-N,;, ,»-num-
ber-1). Thereafter, as indicated in block 812, the variable X is
set to the product of the intermediate value of X and a constant
value. In an example embodiment, the constant is 10xlog, ,(2)
or3.0103. The method for converting a linear unit to decibels,
as described in association with blocks 802 through 812, can
be initiated and repeated as desired.

FIG. 9 is a flow chart illustrating an embodiment of a
method for generating a correction factor for dB conversion.
The correction algorithm allows for an error equivalent to the
third lobe, i.e., N=3. For higher values of N, there are M-N
points between every two points in the N=3 case. The algo-
rithm in FIG. 9, interpolates for the in-between points. The
flow diagram of FIG. 9 shows the architecture, functionality,
and operation of a possible implementation via a circuit or
circuits, software, and or firmware associated with the con-
verter 334. In this regard, each block represents a module,
segment, or portion of code, which comprises one or more
executable instructions for implementing the specified func-
tion(s). When the converter 334 is implemented via hardware,
hardware and firmware, or a combination of hardware and
software, one or more blocks in the flow diagram may repre-
sent an additional circuit or circuits. Alternatively, the
described functions can be embodied in source code includ-
ing human-readable statements written in a programming
language or machine code that comprises instructions recog-
nizable by a suitable execution system such as a processor in
a computer system. The machine code may be converted from
the source code, etc.

Method 900 begins with block 902 where an array labeled
“correct” and a variable Nbit_correct are defined. Specifi-
cally, the array correct includes 8 members. In the illustrated
embodiment, the members are 0, 23,37,43,44,39,29 and 16.
The members represent quantized numbers for the following
array [0, 0.0449, 0.0719, 0.084, 0.0849, 0.0754, 0.0573 and
0.0319]. In block 904, linear-interpolation parameters are
calculated. Specifically, m=1<<(j-N); k=int(frac/m);
slope=correct[k+1]-correct[k] for k=0.6 and slope=—correct
[7] for k=7; and n=mod(frac,m). In block 906, the correction
factor is calculated using Equation 4.

Correction = (correct[k] + slope/m =) /(1 <« Nbits_correct) Equation 4

In FIG. 9, the parameter, slope, determines in which segment
of the correct[8] vector, the point falls. Parameter, m, deter-
mines how many points in between every two points in the
correct[8] vector exist. Among the m points, parameter, n,
determines the position of the value to be calculated. The
method for generating a correction factor for dB conversion,
as described in association with blocks 902 through 906, can
be initiated and repeated as desired.

To calculate the digital scale factor, an anti-log function
with sufficient accuracy (about 0.15 dB) over the desired
digital-dynamic range of the digital control branch 360, i.e.,
approximately 72 dB is provided. The anti-log algorithm is a
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variant of the leading one detector method that operates in
base two. As a result, the digital gain in dB is multiplied by a
constant [.2DB=((log,(10))/20) or 0.166096 prior to conver-
sion as shown in Equation 5.

Xpyy=2E2PExaB=pm. o acxm (1 4frac) Equation 5

In the above equation, m is an integer and frac is a number
smaller than 1. The error in the above approximation grows
exponentially over each segment or integer power of two as
shown in the plot of FIG. 10. If a reference error is deemed
acceptable, a correction can be applied to adjust for the error.
Table 3 below illustrates values used in a 2% approximation
when m=0.

TABLE 3

REFERENCE VALUES FOR POWER OF 2 CONVERSION

X (dB) Frac(i) =x*L2DB C(i) = 2¢¥*L2DB)

0 0

1 42 1149
2 84 1289
3 126 1446
4 168 1623
3 210 1821
6 252 2043

The approximation used if m is not equal to zero is:

X1 =2"(C(i)-mslope), Equation 6

where slope is a fixed value equal to 0.003422. Frac(i) is the
fractional part and C(i) is the final output when m=0. When m
is not equal to zero, the routine described in association with
FIG. 11 searches for the appropriate region in frac(i) space to
determine i. The routine then uses C(i) to compute the final
value.

FIG. 11 is a flow chart illustrating an embodiment of a
method for generating a correction factor for conversion from
decibels to a linear unit of gain. The flow diagram of FIG. 11
shows the architecture, functionality, and operation of a pos-
sible implementation via a circuit or circuits, software, and or
firmware associated with the converter 364. In this regard,
each block represents a module, segment, or portion of code,
which comprises one or more executable instructions for
implementing the specified function(s). When the converter
364 is implemented via hardware, hardware and firmware, or
a combination of hardware and software, one or more blocks
in the flow diagram may represent an additional circuit or
circuits. Alternatively, the described functions can be embod-
ied in source code including human-readable statements writ-
ten in a programming language or machine code that com-
prises instructions recognizable by a suitable execution
system such as a processor in a computer system. The
machine code may be converted from the source code, etc.

Method 1100 begins with block 1102 where parameters
L2DB and slope are initialized and arrays [.2frac and
L2Thrsh are populated. In an example embodiment, .2DB is
set to 42 and slope is set to 4. In addition, the [.2frac array is
populated with members 1149, 1289, 1446, 1623, 1821 and
2043 and the L.2Thrsh array is populated with members 42,
84,126, 168, 210 and 252. The members of these arrays may
be quantized to a desired precision. Thereafter, as indicated in
block 1104, the variable X is set to the product of X (in
decibels) and L2DB. In block 1110 the variable X, , is set to
int(X). In block 1112, X;,,.. is set to the difference of X and
X, Thereafter, the variable TEMP is determined by the
product of X and the slope and the variable TEMP1 is deter-
mined by the sum of X;,. and TEMP. The L2 Array is
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searched to determine the position of TEMP1. An output
value is set as a function of TEMP, and the position deter-
mined. The method for generating a correction factor for
conversion from decibels to a linear unit of gain, as described
in association with blocks 1102 through 1126, can be initiated
and repeated as desired.

While various embodiments of the circuits and methods for
managing analog gain control in quadrature signal paths of'a
receiver have been described, it will be apparent to those of
ordinary skill in the art that many more embodiments and
implementations are possible that are within the scope of this
disclosure. Accordingly, the circuit and methods are not to be
restricted except in light of the attached claims and their
equivalents.

What is claimed is:

1. A circuit comprising:

an analog controller configured to generate an analog con-
trol signal in response to receiving a gain value from a
baseband system and a first calibration value;

a digital controller configured to generate a digital control
signal based on the gain value from the baseband sys-
tem, a delayed analog control signal created from the
analog control signal, and a second calibration value;
and

a switching element configured to control the distribution
of the gain value from the baseband system to the analog
controller and the digital controller.

2. The circuit of claim 1 wherein the analog controller
includes a hysteresis element configured to apply a difference
of the first calibration value and the gain value from the
baseband system to a lookup table.

3. The circuit of claim 2 wherein the hysteresis element is
configured to operate in a bypass mode.

4. The circuit of claim 1 wherein the analog controller is
further configured to communicate with an analog gain cir-
cuit, the analog gain circuit including a plurality of gain
elements configured to provide a plurality of gain stages.

5. The circuit of claim 4 wherein the plurality of gain
elements includes at least one of a low noise amplifier (LNA),
a programmable power amplifier (PGA), or a mixer.

6. The circuit of claim 4 wherein the plurality of gain
elements includes an LNA, a PGA, and a mixer, each of the
LNA, the PGA, and the mixer configured to provide a differ-
ent amount of gain.

7. The circuit of claim 4 wherein the analog controller is
further configured to activate a gain stage from the plurality of
gain stages based on a switching threshold, the analog con-
troller further configured to use the analog control signal to
activate the gain stage.

8. The circuit of claim 1 wherein the analog controller
includes a feedback adder configured to calculate a signal
strength indicator based on a difference between the first
calibration value and the gain value from the baseband sys-
tem.

9. The circuit of claim 8 wherein the analog controller is
further configured to generate the analog control signal based
at least in part on the signal strength indicator.

10. The circuit of claim 1 wherein the digital control signal
indicates an amount of digital gain to apply to one or more
signal components of a received signal.

11. A receiver comprising:

an analog receiver circuit configured to receive a signal and
to amplity analog components of the signal;

a digital gain element configured to amplify digital repre-
sentations of the analog components of the signal; and

a control circuit configured to control the analog receiver
circuit and the digital gain element, the control circuit



US 9,313,079 B2

23

including an analog controller, a digital controller, and a
switching element, the analog controller configured to
generate an analog control signal in response to receiv-
ing a gain value from a baseband system and a first
calibration value, the digital controller configured to
generate a digital control signal based on (a) the gain
value from the baseband system, (b) a delayed analog
control signal created from the analog control signal,
and (c) a second calibration value, and the switching
element configured to control the distribution of the gain
value from the baseband system to the analog controller
and the digital controller.

12. The receiver of claim 11 further comprising a digital
receiver configured to convert the analog components to
obtain the digital representations of the analog components
and to provide the digital representations to the digital gain
element.

13. The receiver of claim 11 wherein the analog controller
includes a hysteresis element configured to apply a difference
of the first calibration value and the gain value from the
baseband system to a lookup table.

14. The receiver of claim 11 wherein the analog receiver
circuit includes a plurality of gain elements configured to
provide a plurality of gain stages.

15. The receiver of claim 14 wherein the plurality of gain
elements include at least one of a low noise amplifier (LNA)
configured to provide a first gain, a programmable power
amplifier (PGA) configured to provide a second gain differing
from the first gain, or a mixer configured to provide a third
gain differing from the first gain and the second gain.

16. The receiver of claim 14 wherein the analog controller
is further configured to activate a gain stage from the plurality
of gain stages based on a switching threshold.
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17. A wireless device comprising:

a baseband system; and

a receiver including an analog receiver circuit, a digital

gain element, and a controller circuit, the analog receiver
circuit configured to amplify an analog component of a
received signal, the digital gain element configured to
amplify a digital component derived from the analog
component, and the control circuit configured to control
the analog receiver circuit and the digital gain element,
the control circuit including an analog controller, a digi-
tal controller, and a switching element, the analog con-
troller configured to generate an analog control signal in
response to receiving a gain value from the baseband
system and a first calibration value, the digital controller
configured to generate a digital control signal based on
(a) the gain value; (b) a delayed analog control signal;
and (c) a second calibration value, and the switching
element configured to control the distribution of the gain
value to the analog controller and the digital controller.

18. The wireless device of claim 17 wherein the receiver
further includes a digital receiver configured to convert the
analog component to obtain the digital component.

19. The wireless device of claim 17 wherein the analog
controller includes a hysteresis element configured to apply a
difference of the first calibration value and the gain value to a
lookup table.

20. The wireless device of claim 17 wherein the analog
receiver circuit is configured to select a gain stage from a
plurality of gain stages to amplify the analog component, the
gain stage selected based on a switching threshold.
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